Dissociation between anti-infarct effect and anti-edema effect of ischemic preconditioning.
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1995.-This study tested the hypothesis that preconditioning, by reducing catabolite accumulation during ischemia, reduces osmotic swelling and myocardial necrosis during subsequent reperfusion. Farm pigs were randomly allocated to one of three groups of treatment: a control group undergoing a 48-min coronary occlusion (CO> of the middle left anterior descending artery, a preconditioned group (2 cycles of 5min CO and 5min reperfusion before the 48-min CO), or an intracoronary perfusion group receiving a substratefree anoxic buffer perfusion into the area at risk between minutes 5 and 10 of the prolonged CO. Animals were killed after 30 min (n = 23) or 6 h (n = 31) of reperfusion.
Compared with the control group, both ischemic preconditioning and washout of ischemic by-products by transient anoxic perfusion reduced myocardial edema after 30 min of reperfusion (P < 0.002) by 35 and 32%, respectively, but only ischemic preconditioning reduced final infarct size (by 55%, P < 0.006). Myocardial lactate content before reperfusion, measured in an additional series of 12 experiments, was reduced by 35% in animals receiving preconditioning or intracoronary perfusion. Thus ischemic preconditioning has a marked protective effect against reperfusion edema, and this effect can be explained by reduced catabolite accumulation during ischemia. However, there is no evidence from this study indicating that reduced catabolite accumulation and limited reperfusion edema explain the important anti-infarct effect of ischemic preconditioning. osmotic swelling; catabolite accumulation; catabolite washout; glycolysis ISCHEMIC PRECONDITIONING reduces the extent of myocardial necrosis secondary to a prolonged coronary occlusion (22). This reduction has been observed in a large variety of experimental models (4, 22, 28, 37), and its magn .itude is greater than that described i .n interventions aimed to limit myocardial reperfusion injury. The mechanism responsible for this beneficial effect is not known. The benefit is not explained by increased collateral flow (22, 24, 37) but by an improved tolerance to ischemia, reperfusion, or both. It is also independent from myocardial stunning produced by the preconditioning episodes of ischemia (20, 23) . Ischemic preconditioning reduces ATP use and delays depletion of ATP during ischemia, but this delay appears too small to account for the marked protective effect observed on infarct size (1, 13, 24). A series of recent studies has suggested that stimulation of A1 adenosine receptors may be involved in the genesis of myocardial protection induced by ischemit preconditioning (33). Activation of ATP-sensitive K+ channels could be involved in the protective effect of adenosine (lo), but the precise mechanism linking preconditioning to adenosine is not clear (17) . Many other proposed mechanisms to explain preconditioning, including production of endogenous protective substances other than adenosine (16, 36) and changes in gene expression (39>, have not been conclusively tested, whereas increased resistance against oxygen free radicals (34) and reduced neutrophil-mediated injury (18) have not received experimental support.
It has been hypothesized that reduced accumulation of catabolites during ischemia, due to substrate depletion and slowed metabolic activity, could contribute to the improved tolerance of preconditioned myocardium to a prolonged coronary occlusion and reperfusion (2, 13, 24, 38). Reduced accumulation of lactate, hydrogen ion, Pi, and other ischemic by-products could contribute to slower progression of acidosis during ischemia (13, 31), less toxic effects during ischemia and reperfusion (2, 38), and less osmotic cell swelling during reperfusion (9). However, a cause-effect relationship between reduced catabolite accumulation and infarct size limitation has not been established, and the effects of preconditioning on osmotic cell swelling induced by reperfusion have not been previously analyzed.
The purpose of this study was to investigate the role of reduced catabolite accumulation in the genesis of the beneficial effect of ischemic preconditioning on infarct size. The effects of preconditioning the myocardium with two cycles of 5 min of coronary occlusion and 5 min of reperfusion on myocardial edema and myocardial necrosis secondary to a prolonged coronary occlusion were compared with the effects of intercalating a brief period of intracoronary perfusion with anoxic, substratefree buffer after the first 5 min of the prolonged coronary occlusion episode. This perfusion was aimed to limit selectively catabolite accumulation by washing out ischemic by-products accumulated during the first minutes of coronary occlusion.
MATERIALS AND METHODS
Animalpreparation. Eighty-one large white farm pigs (mean weight 38 kg) were used for this study. Animals were premedicated with 10 mg/kg im azaperone (Stresnil, Janssen Pharmaceutical) and aspirin (250 mg iv), anesthetized with 10 mg/kg iv metomidate (Nokemil, Janssen Pharmaceutical), The left anterior descending coronary artery (LAD) was dissected free as close as possible to the midpoint of its total length and was surrounded by a no. 2 silk filament. This filament was passed through a segment (15 mm long) of 3-mm Kher-T tube (Silkolatex, Rusch, Germany) to form an elastic snare, which allowed coronary occlusion and reperfusion. Basal coronary blood flow was measured at the dissection site on the LAD with an electromagnetic flowmeter (MFV-3200, Nihon Kohden, Tokyo, Japan). Once a stable coronary flow signal representative of basal flow was obtained, the flow probe was withdrawn.
A Judkins 8-F guiding catheter was introduced into the right carotid artery, and immediately before coronary occlusion, a 2.5-F intracoronary infusion catheter (Cordis, Miami, FL) was advanced into the distal LAD according to a previously described method (9), and its tip was positioned 5-10 mm distal to the dissection site.
Study groups and protocol. Sixty-nine animals were randomly allocated to one of three treatment groups ( Fig. 1) : a control group, a group preconditioned with ischemia, and a group receiving a 5-min intracoronary anoxic perfusion during coronary occlusion. Randomization was performed once the occluder snare was placed around the LAD at the occlusion site. In the control group, the LAD was occluded for 48 min immediately after advancing the intracoronary catheter into the distal LAD. This occlusion time was selected according to the results of a computer simulation (7) to obtain infarcts involving 30-50% of the area at risk. In previous studies (8,9>, this duration has allowed the detection of the effect of several interventions on infarct size. Animals in the preconditioned group were submitted to two cycles of 5 min of coronary occlusion, followed by 5 min of reperfusion, and immediately followed by catheterization of the distal LAD and occlusion of this artery for 48 min. In the group subjected to intracoronary perfusion, a normosmotic and normoncotic, substrate-free solution equilibrated with 100% argon was selectively infused in the area at risk through the intracoronary catheter, starting 5 min after the onset of coronary occlusion (140 mmol/l Na+, 4.2 mmol/l K+, 1.25 mmol/l Ca2+, 0.6 mmol/l Mg, 0.5 mmol/l Mg2+ 115 mmol/l Cl-1 1 mmol/l Pi, 27 mmol/l HCO,, 0.6 . mmol/l SO:-, 50 g/l ibumin; 280 mosmol/kg, pH 7.2). The infusion lasted 5 min, and the infusion rate was adjusted to the basal value of coronary blood flow at the occlusion site by using a Harvard programmable infusion pump (Harvard Apparatus, South Natick, MA). Forty-three minutes after the end of intracoronary infusion, the coronary occlusion was released, for a total occlusion time of 53 min (48 min of ischemia + 5 min of anoxia). All the animals received a bolus of intravenous sodium heparin (160 IU/kg) and lidocaine (1.5 mg/kg) immediately before coronary occlusion.
Study Analysis of myocardial water content. The hearts were excised after 30 min of reperfusion in a first series including 32 animals and after 6 h of reperfusion in a second series of 37 animals. Immediately before excision, 5 ml of 10% fluorescein were injected into the left atrium, and the LAD was reoceluded. The heart was immersed in Ringer solution at 4°C and was then introduced in a plastic recipient and was suspended base-up by suture filaments passed respectively through the bottom and the head of the recipient. A polyurethane fasthardening foam (Alcupol S-616/R-l 1 combined with methyldiphenyl isocyanate, Repsol Quimica, Madrid, Spain) was then activated and poured into the ventricular cavities and the recipient. After 2-3 min, the foam solidified, and the whole block was cut in 5-to 7-mm slices perpendicular to its long axis by using a rotatory blade (Philips HR 2680). The slices were illuminated with 356-nm ultraviolet light to delineate the area at risk, and 50-to lOO-mg transmural samples of myocardium were obtained for water content measurement as previously described (9). Samples were obtained from the central and lateral thirds of the segment at risk and from the control segment in the apical surface of at least two slices in each heart. The tissue samples were immediately introduced in assay tubes that had been weighed within the previous hour in a high-precision scale (Mettler AJ50, Mettler Instruments, Greifensee, Switzerland).
The tubes containing the samples were weighed immediately before and after desiccation during 24 h at 100°C (Selecta 200, Abrera, Spain). Myocardial water content was calculated as the difference between fresh and dry weight divided by dry weight and expressed as milliliters of water per 100 g of dry tissue. An empty assay tube, identical to those containing the myocardial samples, was also weighed before and after desiccation.
HistochemicaZ studies. Myocardial slices from hearts excised after 6 h of reperfusion were photographed from their basal side under ultraviolet light by using a Nikkormat (Nikon, Tokyo, Japan) camera and Ektachrome 64 (Kodak) film. The slices were then incubated at 37°C in 1% triphenyltetrazolium chloride, buffered for pH = 7.4, for 5-10 min, and photographed again under white light using the same camera and film. A reference scale was also photographed in each experiment.
All the slices were weighed and fixed in 20% formaldehyde.
The weight of myocardial samples was added to the weight of the slices from which they were obtained.
The color slides obtained under ultraviolet light and after triphenyltetrazolium incubation were digitized into images of 768 x 576 pixels using a Sony TR 705E Hi8 video camera connected to a Matrox IP8 digitalization card (Matrox Electronic Systems, Dorval, Quebec, Canada). The zone at risk and the area of necrosis were measured in these images by using commercially available software (Image Pro-Plus, Media Cybernetics, Silver Spring, MD), and the mass of myocardium at risk and infarct size were calculated from these measurements and the weight of slices as previously described (8). To ensure blind analysis, the digitized images were stored in a random order under codified names and were analyzed after completion of all scheduled experiments.
Histological anaZysis. The third slice starting from the apex, from 12 of the hearts submitted to 6 h of reperfusion, was processed for histology using the double-embedding method with a combination of celloidin and paraffin (19); 6-pm-thick sections including the whole right and left ventricles were obtained using a Leitz 1400 microtome (Heidelberg, Germany) and were mounted on 10 x 14 cm pieces of glass. The sections were stained with Masson's trichrome.
The area of necrosis was quantified on the sections as previously described (8) by using a modification of the method of Miyazaki et al. (21) . A transparent overlay (0.1 mm thick) was placed over the coverglass of the tissue section and was examined with a Nikon Labphot microscope and a binocular lens (Olympus stereo microscope, SZ, 111) at a magnification of x 100 and x200. The area of necrosis was carefully marked on the transparent overlay with a sharp stainless steel needle with a lo-pm tip (Microlance 25gauge, 5/8,0.5 x 16, Becton-Dickinson, Fraga, Spain). Color photographs of the whole section with the photographic overlay were obtained. These slides were digitized, and the areas of necrosis were measured by digital planimetry and were compared with the average of the area of necrosis measured by triphenyltetrazolium chloride in the basal and apical sides of the slice from which the histological section was obtained. Analysis of microsphere content was performed by colorimetric analysis of the filtered extract of myocardial samples by means of an ultraviolet-visible recording spectrophotometer (UV-160A, Shimadzu) . The epicardial-to-endocardial ratio of distribution of the infused buffer was calculated as the epicardial-to-endocardial ratio of microsphere content.
All experimental procedures were approved by the Research Commission of the Hospital General Vall d'Hebron and conformed to the Helsinki Declaration.
ExcZusions. Nine of the thirty-two animals submitted to 30 min of reperfusion and six of the thirty-seven animals submitted to 6 h of reperfusion were excluded for various reasons: three in the control group, four in the preconditioned group, and eight in the intracoronary perfusion group. Six animals (2 in the control group, 1 in the preconditioned group, and 3 in the intracoronary perfusion group) developed LAD occlusion during intracoronary catheterization, and three in the intracoronary perfusion group presented reocclusion during the reperfusion period, One animal (in the control group) presented ventricular fibrillation, which could not be promptly reverted to sinus rhythm. Three animals (2 in the preconditioned and 1 in the intracoronary perfusion groups) developed severe hypotension during late reperfusion. Finally, two animals (1 from the preconditioned and 1 from the intracoronary perfusion group) were excluded for failure in the process of delineation of the area at risk (in vivo fluorescein method). Thus data on myocardial edema during early reperfusion are from 23 animals submitted to 30 min of reperfusion (7 in the control group, 10 in the preconditioned group, and 6 in the intracoronary perfusion group), and data on myocardial edema late during reperfusion and infarct size are from 31 animals submitted to 6 h of reperfusion (11 in the control group, 11 in the preconditioning group, and 9 in the intracoronary perfusion group hearts excised after 30 min of reperfusion, without RESULTS significant differences among the control, preconditioned, and intracoronary perfusion groups (393 t 2, Hemodynamic data. The hemodynamic effects of the 394 t 4, and 396 t 4 ml/ 100 g dry tissue, respectively, two cycles of 5 min of ischemia and 5 min of reperfusion P = 0.9). Myocardial water content in control myocarperformed in the preconditioned group were minor. dium remained unchanged after 6 h of reperfusion Hemodynamic data immediately before and during the (397 t 3 ml/l00 g). Myocardial water content in the 48min coronary occlusion and during reperfusion are area at risk was markedly increased with respect to summarized in Table 1 . Immediately before the 48min control myocardium after 30 min of reperfusion. This occlusion period, basal heart rate (85 t 3 beats/min) increase was, however, not homogeneous in the differand mean aortic pressure (94 t 3 mmHg) were close to ent treatment groups (P = 0.002) but was markedly the physiological values, without significant between-more important in the control group (535 t 5 ml/100 g) group differences. Basal coronary blood flow was 12.8 t than in the preconditioned group (485 t 3.5 ml/l00 g, 1.0 ml/min, without group differences. Coronary occlu-P < 0.05) and in the intracoronary perfusion group sion produced only minor changes in heart rate and (493 t 12 ml/100 g, P < 0.05). These two groups were mean blood pressure of similar magnitude in the three not significantly different. After 6 h of reperfusion, groups. During the following 6 h, heart rate increased myocardial water content in the area at risk remained increased respective to control myocardium (480 t 6.5 ml/100 g, P < 0.0005) but less than after 30 min of reperfusion (P = 0.006) and without significant betweengroup differences.
Area at risk and infarct size. Table 2 and Fig. 3  summarize the results on infarct size. The area at risk averaged 15.7 t 0.8 g, involving 11.2 t 0.5% of the ventricular mass, and was similar in all three groups (P = NS). Infarct size averaged 4.34 t 0.5 g, representing 27.7 t 3.3% of the area at risk and showed highly significant between-group differences (P = 0.0042). Infarct size was significantly smaller in the preconditioned group (14.5 -.
+ 3 5%) than in the control (31.6 t 5.8%, P < 0.05) or intracoronary perfusion groups (39.3 t 5.0%, P < 0.05). Infarct size in the intracoronary perfusion group was not significantly different from that in the control group.
The extent of the areas of necrosis measured by microscopic analysis in 12 hearts was very similar to the areas of infarct identified by triphenyltetrazolium chloride staining in the corresponding myocardial slices (1.60 t 0.3 and 1.87 t 0.23 cm2, respectively, P = NS). Infarcts were mainly composed of contraction band necrosis, which involved 85 t 5% of the total area of necrosis.
Effects on lactate content and myocardial energy status. Table 3 tate, ADP, AMP, ATP, and adenosine immediately before reperfusion. There were no between-group differences in the myocardial concentrations of these substances in control myocardium. Concentrations of phosphometabolites in ischemic myocardium were also homogeneous in the three groups of treatment, but the lactate content was reduced by 35% in the ischemic preconditioning and intracoronary perfusion groups. The endocardial-to-epicardial ratio of transmural distribution of the intracoronary infusate was 0.87 t 0.23.
DISCUSSION
This study investigates the importance of limited catabolite accumulation in the genesis of the beneficial effect of ischemic preconditioning on myocardial necrosis secondary to a prolonged coronary occlusion. The effects of ischemic preconditioning on myocardial edema and infarct size were compared with those produced by a brief period of anoxic, substrate-free intracoronary perfusion after the first 5 min of prolonged coronary occlusion. Both ischemic preconditioning and washout of ischemic by-products by transient anoxic perfusion during coronary occlusion had a marked protective effect against reperfusion-induced myocardial edema, but only ischemic preconditioning reduced infarct size. These results indicate that reduced catabolite accumulation during ischemia in preconditioned myocardium results in reduced edema during reperfusion. However, the present results do not support the hypothesis that this anti-edema effect explains the anti-infarct effect of ischemic preconditioning.
Importance of reduced catabolite accumulation in ischemic preconditioning.
Previous studies have suggested that catabolite accumulation plays an important role in the genesis of ischemic injury (25) and that its reduction may constitute one of the key mechanisms of the beneficial effect of ischemic preconditioning (1,2, 6, Values are means + SE. Ado, adenosine.
13, 31, 38). During the first minutes of ischemia, anaerobic glycolysis, leading to the production of lactate and hydrogen ions, is mainly responsible for catabolite accumulation.
During ischemic preconditioning, brief periods of ischemia suffice to produce important glycogen depletion. Subsequent brief periods of reperfusion wash out the accumulated lactate but do not allow complete repletion of glycogen stores, and accordingly, anaerobic glycolysis and accumulation of lactate and hydrogen ions during ischemia are reduced in preconditioned myocardium (1,2, 13,38). Fleet et al. (6) showed in pigs submitted to serial brief episodes of coronary occlusion that extracellular acidosis decreased progressively with each subsequent occlusion. More recently, Kida et al. (13) have shown that ischemic preconditioning preserves intracellular pH during sustained ischemia. Moreover, the effect of ischemic preconditioning on the rate of development of acidosis during ischemia was much more pronounced than its effect on the rate of ATP depletion. Steenbergen et al.
(31) have also demonstrated a slower progression of acidosis in preconditioned myocardium. These authors have observed that preconditioning attenuates the increase in intracellular Na+ and Ca2+ concentrations, probably as a consequence of reduced stimulation of Na+/H+ and Na+/Ca"+ exchange, and suggest that the limited rise in intracellular Ca2+ concentration may explain the cardioprotective effects of preconditioning. Repletion of glycogen stores during prolonged reperfusion could explain why the protective effect of ischemic preconditioning is progressively lost as the onset of prolonged ischemia is delayed (23, 35, 38) . In a recent study in the in situ rat heart, Wolfe et al. (38) demonstrated a close relation between the degree of glycogen depletion at the onset of the prolonged ischemic episode and the reduction in infarct size afforded by ischemic preconditioning.
Furthermore, these authors observed that the time courses of glycogen resynthesis after preconditioning and of the loss of protection from ischemic injury were parallel. The role of catabolite depletion is further supported by recent observations showing that moderate ischemia (26) may precondition myocardium and reduce infarct size secondary to a subsequent prolonged coronary occlusion, but complete reperfusion after the preconditioning ischemic period is mandatory to induce this protective effect (26).
The importance of glycogen depletion, reduced lactate accumulation, and slower progression of myocardial acidosis in the genesis of the protective effect of ischemic preconditioning appears limited, however, by several observations (3, 11, 12, 14,27). There is strong evidence that ATP synthesis by anaerobic glycolysis has a protective effect during ischemia and that depression of this glycolysis has a detrimental effect on myocardial viability (3,12). Increased glycogen stores by fasting has been shown to have a beneficial effect on functional recovery after prolonged ischemia without affecting lactate production (27). The relationship between acidosis and ischemic cell damage is not completely understood, and it has been recently suggested that mild acidosis could have a protective effect against ischemic (14) and reperfusion injury (11). In the present study, washout of accumulated lactate had no beneficial effect on ischemic injury secondary to a prolonged coronary occlusion. These observations suggest that glycogen depletion and reduced anaerobic glycolysis are not beneficial per se, despite resulting in less lactate accumulation.
However, in preconditioned myocardium, the reduced synthesis of ATP by anaerobic glycolysis can be balanced by reduced ATP utilization, allowing the beneficial effects of blunted lactate accumulation to become apparent (38). Reduced catabolite accumulation and reperfusion myocardial edema. In this study, ischemic preconditioning resulted in a marked trend toward reduced catabolite accumulation and an important reduction in reperfusion myocardial edema. Previous studies have shown that ischemia reduces the mechanical resistance of the sarcolemma (30) and that mechanical stress induced by osmotic cell swelling (9) or hypercontraction (8,29) may produce myocardial necrosis during reperfusion. The role of cell swelling on reperfusion necrosis may depend on the relative importance of other causes of mechanical stress on the sarcolemma, such as hypercontracture and cell-to-cell interaction (7, 8, 29) . In the pig heart model, infarcts produced by 48 min of transient coronary occlusion are mainly composed by contraction band necrosis. However, contraction band necrosis may also be the result of massive Ca2+ influx, secondary to swelling-induced sarcolemmal disruption.
In a previous study in the pig heart model (9), highly hyperosmotic reperfusion with intracoronary mannitol reduced early (30 min) myocardial edema by 34% and final infarct size by 24%. In the present study, ischemic preconditioning reduced myocardial edema during early reperfusion by 35% and resulted in a very important infarct size reduction (55% vs. control group). Nevertheless, catabolite washout by transient anoxic perfusion during coronary occlusion reduced reperfusion edema by 32% but had no effect on infarct size. Thus reduced reperfusion myocardial edema does not explain per se the beneficial effect of ischemic preconditioning on infarct size. The fact that after 6 h of reperfusion, no between-group differences in myocardial water content were found could be explained by the more rapid loss of intracellular water in myocytes with disrupted sarcolemma. Residual edema after 6 h can be largely due to interstitial edema. The lack of a favorable effect of reduced myocardial edema on infarct size in the intracoronary perfusion group could have been due to a direct adverse effect of the intracoronary perfusion protocol. First, one possible mechanism could be the negative consequences of adding 5 min of substrate-free anoxia to the 48 min of ischemia, for a total of 53 min of coronary occlusion, that could overcome the modest beneficial effect of myocardial edema reduction on infarct size. However, it appears very unlikely that this small prolongation of occlusion time would have such a deleterious effect as to overcome the very important anti-infarct effect of ischemit preconditioning if this is mediated by reduced edema. Another explanation could be that the perfusion of ischemic myocardium with substrate-free anoxic buffer may have had myocardial effects that could have counteracted the beneficial effect of osmotic load reduction. It has been shown that adenosine may have a direct protective effect apparently independent from that of preconditioning (5). Although no differences were observed in the concentration of adenosine at the end of coronary occlusion, washout of adenosine accumulated during the first minutes of ischemia could have resulted in loss of myocardial protection. Nevertheless, it has been suggested that the beneficial effect of adenosine persists after washout (15) and that this explains its protective actions during prolonged coronary occlusion in myocardium preconditioned with a brief coronary occlusion and reperfusion.
Because 5 min of coronary occlusion effectively suffice to precondition myocardium, the myocardial adenosine concentration reached during the first 5 min of ischemia in the intracoronary perfusion group should have provided the same protection. Finally, a particularly deleterious effect of transient anoxia during ischemia cannot be ruled out. Nevertheless, ATP content at the end of coronary occlusion was not worsened by transient anoxia, and previous studies have described a beneficial effect of intermittent substrate-free anoxic perfusion during ischemia (37). Washout of catabolites during ischemia. In a comprehensive study, Tani and Neely (32) analyzed the effect of intermittent normoxic or anoxic perfusion, containing or not containing substrates, on myocardial metabolism and function in the isolated working rat heart model. In their study, 3 min of substrate-free anoxic perfusion following 10 min of no-flow ischemia produced a marked reduction in the myocardial concentration of lactate. When this 3-min perfusion was repeated every 10 min during a 40-min period of ischemia, lactate accumulation was virtually abolished. Each perfusion cycle produced a transient and incomplete recovery of myocardial ATP and creatine phosphate concentrations, but, at the end of the 40-min ischemic period, the concentrations of phosphometabolites
were not different in hearts receiving or not receiving intermittent substrate-free anoxic perfusion. In our study in the in situ heart, the concentration of ATP at the end of the ischemia was the same in all groups. The different results in these two studies could be explained by the different animal models used and by the shorter ischemic period (40 vs. 48 min) and more aggressive perfusion protocol (3 periods instead of 1) in Tani and Neely's (32) experiment. In fact, the intermittent perfusion protocol used by Tani and Neely (32) reduced lactate content after 40 min of ischemia by > 75% (from > 200 to < 40 PM), a much more marked reduction than the 40% observed after the same period of ischemia in the in situ dog heart preconditioned with four cycles of 5-min coronary occlusion (from 196 to 116 pmol/g dry weight)
(24) or the the 35% reduction observed in this study.
MethodoZogicaZ considerations.
The present study presents several limitations.
The intracoronary perfusion protocol was selected arbitrarily.
The 5-min period of preconditioning ischemia used in this study has been shown to reduce both catabolite accumulation during a subsequent coronary occlusion (2,13,24,38) and infarct size (4, 22, 24, 38). The timing and duration of the intracoronary infusion were selected to reproduce the degree of substrate depletion and the reduction in catabolite accumulation produced by ischemic preconditioning. Accordingly, the 5-min interval between coronary occlusion and the onset of the intracoronary infusion corresponded to the 5-min period of preconditioning ischemia, and the 5-min duration of the infusion corresponded to the duration of the preconditioning reperfusion period. It cannot be ruled out that a more prolonged intracoronary infusion could have resulted in a more intense metabolite washout and infarct size limitation. However, with the perfusion protocol used in this study, lactate content and edema were very similar to those observed in preconditioned myocardium. The absence of statistically significant differences between these two groups and the control group, with a 30% higher lactate content, can be likely explained by the small sample size. Myocardial adenylate content at the end of ischemia, myocardial water content after 30 min of reperfusion, and infarct size after 6 h of reperfusion had to be measured in different series of experiments, which prevented direct analysis of the relationship between these variables. * ConcZusion. 
